Background. Pseudoaneurysm of the ascending aorta is a rare and serious complication after composite graft surgery for combined disorders of the aortic valve and ascending aorta.
development of pseudoaneurysm of the ascending aorta secondary to dehiscence of the suture line at the aortic annulus, coronary ostia, or distal graft anastomosis. This potentially lethal complication has been reported to occur in 7% to 25% of patients with composite grafts.2,4-7 Recent modifications of the method of reattachment of the coronary ostia may decrease the incidence of pseudoaneurysms arising from the coronary anastomosis. 8, 9 The diagnosis of a pseudoaneurysm is important for early surgical intervention. Furthermore, the identification of the site of origin of the pseudoaneurysm, whether single or multiple, is helpful in the overall surgical correction. Of the various imaging methods for the diagnosis of pseudoaneurysm, including aortography, computed tomography, echocardiography, and recently, magnetic resonance imaging, aortography has been used almost exclusively for the identification of the site of origin of pseudoaneurysms. Two-dimensional echocardiography has provided a noninvasive assessment of the aorta and aortic valve in addition to cardiac function and structure. The introduction of color flow and other Doppler techniques to echocardiographic imaging has recently allowed the localization and quantification of blood flow velocity and the identification of abnormal flow jets. In this study, we report Doppler and echocardiographic findings in eight patients with documented pseudoaneurysm of the ascending aorta complicating composite grafts. Findings were compared with those by aortography and surgery. Echocardiographic techniques appeared to be superior to aortography in detecting pseudoaneurysms arising from a single dehiscence at the aortic annulus anastomosis and complemented aortography in the overall evaluation of pseudoaneurysms of composite grafts and identification of their site of origin.
Methods

Patient Population
From March 1988 to September 1990, 35 patients with composite aortic grafts underwent two-dimensional and Doppler echocardiographic examinations for assessment of the aortic graft and cardiac function. Of these, eight patients (seven men and one woman; mean age, 45+12 years) were diagnosed at the echocardiography laboratory with pseudoaneurysm (n=7) or suspected pseudoaneurysm (n=1) of the ascending aorta. Pseudoaneurysm was diagnosed as an enlarged ascending aorta with an echo-free space of 2 cm or more between the aortic graft and the wall of the aorta, along with the demonstration of flow into the echo-free space and localization of its site of origin. A pseudoaneurysm was suspected if the echo-free space was present without clear demon-stration of flow into it. All eight patients had documented pseudoaneurysm at surgery and represent the surgical experience with aortic pseudoaneurysm during the time period of the study. Table 1 summarizes the clinical data. Two patients presented with dyspnea on exertion, one with heart failure, and two with chest discomfort; three were totally asymptomatic. Five patients had Marfan's syndrome, two had hypertension, and one patient had no apparent predisposition to disorders of the aortic root. At the time of diagnosis, 1 to 11 years had elapsed since the surgery (mean, 5.9 years). Patient No. 8 had already undergone two operations on the aortic root and arch. All patients underwent aortography within 24 hours of the echocardiographic study. Surgical exploration and repair of the ascending aorta was performed in all patients within 3 days after the echocardiographic and arteriographic studies.
The remaining 27 patients, in whom echocardiography had not indicated pseudoaneurysm, were stable from the cardiac standpoint. Ten of these underwent angiography within 3 days of the echocardiographic studies to assess the aortic arch and thoracic aorta.
Angiography showed no evidence of pseudoaneurysm in these patients. No deaths occurred in 22 patients with available follow-up.
Doppler and Echocardiographic Studies
Two-dimensional echocardiographic imaging and color flow, pulsed, and continuous wave Doppler studies were performed with a Hewlett-Packard sector scanner (77020 AC) equipped with 3.5or 2.5-MHz transducers. All patients underwent transthoracic examinations in the standard parasternal, Parasternal Short Axis Parasternal Long Axis apical, and suprasternal windows. The identification of an enlarged ascending aorta with an echo-free space between the aortic graft and the wall of the aorta prompted special attention to the aortic root and ascending aorta, to the plane of the prosthetic aortic valve, and to that of the coronary ostia, particularly from the parasternal and suprasternal windows. Color Doppler examination was optimized to assess the presence of flow in the echo-free space and its site of origin. Figure 1 shows an example of a pseudoaneurysm. Capability for transesophageal echocardiography (single-plane, 5-MHz transducer, Hewlett-Packard 21362A) was available at the time of study of the last two patients (No. 7 and No. 8); it was performed in patient No. 8, in whom the transthoracic examination was suggestive of a pseudoaneurysm. The diagnosis of pseudoaneurysm was known at the time of the echocardiographic examination in only one patient (No. 7).
Continuous wave Doppler recordings of blood flow velocity through the prosthetic aortic valve and of abnormal jets into the pseudoaneurysm were per-formed from parasternal and apical windows at a sweep speed of 100 mm/sec. An imaging transducer was used to guide continuous wave Doppler interrogation of abnormal jets visualized by color Doppler. Parameters from the Doppler recordings were quantified with an off-line system (Digisonics EC-500, Houston, Tex.). Maximal and mean gradients of systolic jets were calculated with the modified Bernoulli equation.10 Results represent an average of four to five consecutive cardiac cycles.
Angiographic Studies
Aortography was performed in all eight patients within 24 hours of the echocardiographic studies. The aortography was performed from the femoral approach with injection of 50 ml of contrast (Renografin 76) in the aortic root over 2 seconds. Rapid-sequence x-ray films of the thoracic aorta were obtained simultaneously in the anteroposterior and lateral projections at a rate of two films per second. X-ray films were also obtained in the left anterior oblique projection with another similar injection of Parasternal Long Axis Parasternal Short Axis contrast. The diagnosis of pseudoaneurysm by angiography was defined as the presence of contrast in the ascending aorta adjacent to the initially opacified lumen of the ascending aortic graft. The site of origin of the pseudoaneurysm was determined during the injection of contrast under fluoroscopy, corroborated with the findings on the x-ray films.
Results
Two-dimensional Echocardiography
In the eight patients with pseudoaneurysm, the maximal diameter of the ascending aorta by twodimensional echocardiography ranged between 6 and 14 cm (mean, 9+3 cm) ( Table 1 ). The maximal echo-free space between the aortic graft and the wall of the ascending aorta ranged between 2 and 7.3 cm (mean, 3.7+2 cm). This space was eccentric around the graft in three patients and concentric in the other five. Figures 1 and 2 show examples of eccentric and concentric pseudoaneurysms, respectively. In one patient, the false aneurysm was better depicted from the right parasternal window. Anatomic visualization of the site of graft dehiscence was not possible in any of the patients with transthoracic echocardiography. Patient No. 2 developed a superior vena cava syndrome during his hospitalization because of the large size of the pseudoaneurysm.
In the 27 patients in whom echocardiography did not indicate pseudoaneurysm, the maximal diameter of the ascending aorta averaged 4.2+0.6 cm (range, 3.2-5 cm). Although a small echo-free space between the aortic graft and the wall of the aorta was seen in 81C0 of the cases, it averaged 0.6+0.5 cm (range, 0-1.4 cm; 1 cm or greater in three patients).
In all cases, Doppler examination demonstrated no evidence of flow in the small echo-free space or the presence of aortic insufficiency. Aortography performed in 10 of the 27 patients revealed no evidence Prosthetic Aortic Valve FIGURE 4 . Photograph at surgery depicting the composite graft and the only site of dehiscence (arrow) at the aortic annulus suture lines in patient No. 8, whose transesophageal study is shown in Figure 3 . The aortogram in this patient showed a normal graft. GR, graft; PrV, prosthetic aortic valve.
of pseudoaneurysm, including the three patients with an echo-free space between 1 and 1.5 cm. None of the Doppler echocardiographic findings described below in the patients with pseudoaneurysm were present in these 27 patients.
Doppler Echocardiographic Studies
From the transthoracic approach, color flow Doppler imaging demonstrated evidence of a pulsatile jet into the echo-free space between the graft and the wall of the ascending aorta in six of the eight patients with pseudoaneurysm (Figures 1 and 2) . This finding confirmed the entity of pseudoaneurysm as opposed to the mere presence of a collection of blood or serosanguineous material around the graft. In two patients (No. 3 and No. 8), the transthoracic color flow examination could not clearly identify flow in the echo-free space. In patient No. 3, the diagnosis of a pseudoaneurysm was suspected because of a large (4.0-cm) echo-free space around the graft, with an ascending aortic diameter of 10 cm; transesophageal imaging capability was not available. Transesophageal examination was available for patient No. 8 and clearly demonstrated flow into the pseudoaneurysm (Figure 3) . Furthermore, the transesophageal study allowed visualization of the graft dehiscence without the use of color Doppler. The respective surgical findings are shown in Figure 4 .
At least one site of origin of the pseudoaneurysm was detected in seven patients by Doppler echocardiography ( Table 1 ). The dehiscence was at the site of anastomosis of the aortic annulus in four patients, at the right coronary ostium in one patient, and at both aortic annulus and coronary artery anastomosis in two patients (left main in one and right coronary in the other). At surgery, the patient with a suspected pseudoaneurysm without localization of a site of origin (patient No. 3) had a dehiscence of the aortic annulus anastomosis. The findings by Doppler echo-LV-PSA Communication The two recordings are obtained from the same position on the chest wall, with minor change in angulation. Compared with the systolic jet velocity through the prosthetic aortic valve, the systolic jet through the left ventricle-pseudoaneurysm communication has a higher maximal velocity (Vmax), is of longer duration, and starts (oblique arrow) before the first systolic click of the prosthetic valve (horizontal arrow). The diastolic regurgitant jet into the left ventricle has a steep deceleration slope and ends before the first systolic aortic valve click (straight arrow in upper panel), at the time ofonset ofsystolic flow into the pseudoaneurysm. cardiography differed among the various types of dehiscence and are detailed below.
Aortic Annulus Dehiscence
In cases of dehiscence of the aortic annulus suture line with communication between left ventricle and pseudoaneurysm, color Doppler identified a systolic jet arising from the periprosthetic valve location and directed cranially into the pseudoaneurysm. Because of the frequently eccentric direction of the jet, the imaging plane depicting the jet in the long-axis view was usually lateral or medial to the plane showing the ascending aortic graft (Figure 1 ). The short axis at the level of the prosthetic aortic valve demonstrated FIGURE 6 . Examples of different velocity pattems observed by continuous wave Doppler recordings in two patients with coronary artery dehiscence. In patient No. 6 (upper panels), the color jet arising from the left main dehiscence depicted in the parastemal long (A1) and short axis (A2) by a large arrow. Continuous wave Doppler (A ) obtacined from the parasternal short axis in this patient with concomitant aortic annulus dehiscence shows increased systolic and diastolic velocities directed from the aortic graft into the pseudoaneurysm. The lower panels show recordings from patient No. 2 with a sole dehiscence at the right coronary artery anastomosis. Short-axis two-dimensional echocardiographic frame (B1) and corresponding color flow (B2) delineate the site of origin offlow from the graft into the pseudoaneurysm (arrow). In contrast to patient No. 6, continuous wave recording (B3) from the parastemal short axis shows flow directed from the aortic graft into the pseudoaneurysm in systole and flow reversal from the pseudoaneurysm into the graft in diastole (small arrows). PA, atrium; LV left ventricle; PSA, pseudoaneurysm. the jet arising in the perivalvular area and oriented into the pseudoaneurysm (Figure 1 ).
In six of seven cases of dehiscence at the aortic annulus, continuous wave Doppler from the apical window demonstrated two distinct systolic jets: one through the prosthetic valve and another through the left ventricle-pseudoaneurysm communication (Figure 5 ). The maximal velocity and derived pressure gradient through the communication were always higher than those through the prosthetic valve ( Table  2 ). These recordings were obtained from exactly the same position on the chest wall, with minor changes in angulation (within 10°to 150) that could not account for the observed difference in velocity. Furthermore, the systolic jet through the dehiscence frequently started before the opening click of the prosthetic valve ( Figure 5 ), and its duration was usually longer than the ejection time through the valve with a difference of 20 msec or more in three of the six cases (Table 2 ). Only one patient (No. 8) had concomitant mitral regurgitation with a peak velocity of the regurgitant jet of 5 m/sec, which exceeded the pulmonary artery; RV, right ventricle; GR, aortic graft; LA, left velocity through the communication. The recordings of two systolic jets by continuous wave Doppler supported the diagnosis of pseudoaneurysm by color flow Doppler and was the first clue for the presence of dehiscence at the aortic annulus in one patient.
In all cases of dehiscence at the aortic annulus, a diastolic jet was seen in the left ventricular outflow, simulating valvular aortic insufficiency (Figure 1 ). In these patients, because of the large width of the diastolic jet and its frequent eccentricity, concomitant aortic insufficiency arising from within the valve ring could not be excluded with confidence by color Doppler. In retrospect, the large jet of "aortic insufficiency" seen by color Doppler in patient No. 3 was most likely originating from the site of dehiscence. With continuous wave Doppler, these diastolic jets also mimicked severe aortic insufficiency by having a short pressure half-time ( Table 2 ).1 However, in the two patients (No. 1 and No. 8) with long duration of ejection through the communication, the abrupt termination of diastolic flow before the prosthetic aortic valve click and at the time of onset of early systolic flow through the communication supported the view that these diastolic velocities originated from the site of dehiscence rather than from within the prosthetic valve ( Figure 5 ).
Coronary Artery Dehiscence
Dehiscence of the coronary anastomosis to the graft was diagnosed by color flow Doppler as a jet directed into the pseudoaneurysm arising from the level of the coronary ostia (Figure 2 ). This was easier to define in patients in whom the large portion of the pseudoaneurysm was adjacent to the respective coronary ostium, because the spatial distribution of the jet was well visualized. In one patient (No. 6) with combined periannular and left main coronary dehiscence, the space between the graft and the aortic wall close to the left main origin was narrow (0.5 cm). The diagnosis of a left main coronary dehiscence was confirmed in this patient by continuous wave Doppler demonstrating increased diastolic and systolic blood velocities directed from the aortic graft into the pseudoaneurysm at the site of the color flow disturbance (Figure 6 , panels A1-A3). The increased diastolic velocities (2.7 m/sec) reflected a lower diastolic pressure in the pseudoaneurysm than in the aortic graft, probably because of simultaneous emptying of the pseudoaneurysm into the left ventricle. This velocity pattern is contrasted with that of a patient (No. 2) without communication of the pseudoaneurysm with the left ventricle ( Figure 6 , panels B1-B3). Flow into the pseudoaneurysm was seen only during systole, whereas in diastole, a reversal of flow from the pseudoaneurysm into the lumen of the graft occurred secondary to higher diastolic pressure in the pseudoaneurysm.
Angiographic Findings
At aortography, the diagnosis of pseudoaneurysm was made in five of the eight patients by demonstrating opacification of the pseudoaneurysm in addition to the graft (Table 1) . A pseudoaneurysm was suspected in two patients (No. 1 and No. 4) and was missed in one patient (No. 8). Examples of aortograms in a patient with and another without opacification of the pseudoaneurysm are shown in Figure 7 . In patient No. 1, who had a large pseudoaneurysm, a diagnosis of mediastinal hematoma versus pseudoaneurysm was entertained because of the observed displacement of the ascending aortic graft (Figure 7, panel B) ; in patient No. 3, an enlarged ascending aorta versus pseudoaneurysm was suspected because of the increased distance between the border of the ascending aorta and that of the opacified graft. In the three patients with suspected or missed diagnosis, the site of dehiscence was only at the aortic annulus.
Of the five patients with diagnosis of pseudoaneurysm by aortography, the site of origin of the pseudoaneurysm was clearly identified in two patients: a right coronary artery dehiscence in one and a combination of periannular, right coronary, and FIGURE 7. Aortograms of thoracic aorta in two patients with pseudoaneurysms complicating composite aortic graft. In panel A (patient No. 6), the pseudoaneurysm around the ascending aortic graft is opacified and is delineated by arrows. Panel B shows the aortogram of patient No. 1, whose echocardiographic images are in Figure 1 . In this case, although there is apparent displacement of the ascending aorta, the large pseudoaneurysm is not opacified. Distal graft (n) 3 0 1 1 distal graft dehiscence in another. In two patients, proximal filling of the pseudoaneurysm was diagnosed as arising from either a periannular or coronary dehiscence or both.
Surgical Findings
The sites of origin of the pseudoaneurysm determined at surgery are shown in Table 1 . Surgical intervention was performed on the sole basis of echocardiographic findings in three patients (No. 1, No. 4, and No. 8), aortography in one (No. 3) , and both echocardiography and aortography in the other patients. A comparative summary of definite diagnosis of pseudoaneurysm and related site of origin by echocardiography, aortography, and both methods are presented in Table  3 . The combination of echocardiography and aortography identified all patients with pseudoaneurysms. As to the site of dehiscence, six of the seven patients with a periannular dehiscence were identified by echocardiography, and only one was demonstrated by aortography. Of the total of six cases of coronary dehiscence, three were identified by echocardiography and two by aortography. In three patients, a dehiscence of the distal anastomosis of the graft to the aortic arch was found at surgery. This was missed by echocardiography in the three cases and diagnosed by aortography in one. Overall, no false-positive diagnosis as to the site of origin of pseudoaneurysm was made by either echocardiography or aortography.
Discussion The present study demonstrates that two-dimensional echocardiography with color Doppler can accurately detect a pseudoaneurysm of the ascending aorta complicating composite grafts by demonstrating blood flow into the echo-free space between the graft and the aortic wall. Continuous wave Doppler recording further supports the diagnosis and provides unique patterns of velocity through the dehiscence at the anastomotic sites. In our series of eight patients, Doppler echocardiography complemented aortography in the evaluation of pseudoaneurysms and their site of origin. Importantly, echocardiography appeared to be superior to aortography in identifying dehiscence at the aortic annulus anastomosis and in detecting the presence of pseudoaneurysm when the only site of origin was a dehiscence of the aortic annulus suture line.
Kouchoukos et al,2 in a study of 127 patients with composite aortic grafts, found nine with pseudoaneurysms secondary to dehiscence at the coronary ostia or aortic suture lines, of whom eight required reoperation. Three deaths after repair occurred; these were patients in whom the pseudoaneurysms were very large, adherent to the undersurface of the sternum, and necessitated emergency operation. Although the clinical symptoms associated with such pseudoaneurysms may be nonspecific or even absent, some patients may be severely limited with dyspnea and fatigue, probably secondary to reduced systemic cardiac output and/or left ventricular volume over-load. Furthermore, with the possibility of aortic rupture, early diagnosis of aortic pseudoaneurysm is essential.
Several diagnostic methods have been suggested to screen for the development of pseudoaneurysm after composite graft surgery, including chest x-ray, computed tomography,12 echocardiography,13-15 digital subtraction angiography,7 and more recently, magnetic resonance imaging.16 Aortography17 is still the most commonly used method in establishing the diagnosis and especially in localizing the site of origin of the pseudoaneurysm. To the best of our knowledge, only one case has been reported of a pseudoaneurysm secondary to a coronary dehiscence detected by color flow Doppler.18 In the present case series, echocardiographic techniques complemented aortography in detecting such pseudoaneurysms and were crucial in the management of three patients not diagnosed by aortography. These patients had a sole dehiscence of the graft anastomosis at the aortic annulus. With an injection of contrast in the aortic root, the pseudoaneurysm should be visualized if there is a dehiscence at the coronary ostia and/or distal graft anastomosis. In cases where the dehiscence is only at the aortic annulus suture line, the contrast does not opacify the pseudoaneurysm. In these cases, unless there is concomitant prosthetic valve regurgitation, left ventricular angiography would be required to demonstrate the pseudoaneurysm.
Transesophageal echocardiography has recently provided a new window for the assessment of the aorta in addition to cardiac structure and function. [19] [20] [21] [22] [23] In the present series, six of the eight patients with pseudoaneurysms were diagnosed by transthoracic echocardiography. Transesophageal examination available in one of the two suspected cases was crucial for the diagnosis and management because aortography was normal in this patient. With the higher resolution and increased Doppler sensitivity obtained with transesophageal imaging, a combination of transthoracic and transesophageal imaging would allow an optimized approach to the assessment of composite aortic grafts by echocardiography, especially in technically difficult or suspected cases.
Color flow Doppler imaging allowed localization of the majority of sites of origin of the pseudoaneurysm. Echocardiography was particularly helpful compared with angiography in the diagnosis of dehiscence at the aortic annulus in cases with or without other concomitant sites of origin. In cases of annulus dehiscence, continuous wave Doppler further supported the diagnosis obtained with color flow Doppler by demonstrating two distinct systolic jets, one through the prosthetic valve and another through the communication with the left ventricle. To the best of our knowledge, detection of the presence of these two different jets by continuous wave Doppler has not been described previously. The differences in velocity and duration between the two jets probably relate to the size of the communication, the compliance of the pseudoaneurysm and its pressure in diastole, and the presence or absence of other communications with systemic pressure chambers (coronary artery or aorta). With the increasing use of Doppler echocardiography in the assessment of prosthetic valve function, special attention to the presence of systolic jets of different velocities in patients with composite grafts and to the timing and onset of the systolic jet by continuous wave Doppler should alert the echocardiographer to a perivalvular dehiscence rather than to an obstruction of the prosthetic valve.
In all cases of periannular dehiscence of the graft, color flow Doppler detected regurgitation from the "aortic root" into the left ventricle. Because of the wide color Doppler signal and the frequent eccentricity of the jet, concomitant valvular regurgitation could not be excluded with confidence. This was further confounded by the frequent presence by continuous wave Doppler of a diastolic jet with a short pressure half-time, simulating significant aortic insufficiency.11 In some cases, however, continuous wave Doppler recordings confirmed that the diastolic jet occurred only from the pseudoaneurysm by demonstrating that the termination of the jet was before the aortic valve click and occurred at the onset of early systolic flow through the communication. Because there are no reports of dehiscence of the graft-prosthetic valve anastomosis, the detection of significant paravalvular aortic insufficiency in cases of composite aortic grafts should alert the echocardiographer to the possibility of dehiscence at the aortic annulus anastomosis and pseudoaneurysm formation.
Although echocardiographic techniques proved superior overall to aortography in localizing the proximal site of origin of pseudoaneurysms, the distal graft anastomosis could not be well assessed by transthoracic echocardiography. Whether transesophageal imaging, with the recent capability of biplanar imaging, would be helpful in this evaluation remains to be determined. [22] [23] In conclusion, echocardiographic techniques can diagnose the presence of pseudoaneurysm complicating composite aortic grafts. The addition of color flow along with conventional Doppler offers the advantage of noninvasively identifying the proximal site(s) of origin of the pseudoaneurysm and complements aortography in the overall evaluation of patients before surgical intervention. Echocardiography should be considered the technique of choice for the routine serial evaluation of patients with composite aortic grafts.
